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SUMMARY

Obese individuals experience low grade inflammation initiated within their adi-
pose tissue. However, the early events that lead to the release of these inflamma-
tory factors from adipose tissue are poorly characterized. To separate glucose ef-
fects from lipid effects on adipose tissue, we used an adipose-specific TXNIP
knockout model where excess basal glucose influx into adipocytes led to modest
increase in adiposity without using high fat diet. We found an uncoupling of two
events that are generally presumed to be coregulated: (1) an increase of adipose
tissue macrophage (ATM) number; and (2) pro-inflammatory activation of ATMs.
These two events are associated with different triggering signals: elevated free
fatty acids output and extracellular matrix remodeling with increased ATM num-
ber, whereas decreased adiponectin level with activated ATM. This separation re-
flects non-overlapping pathways regulated by glucose and lipids in adipocytes,
and neither group alone is sufficient to elicit the full inflammatory response in ad-
ipose tissue.

INTRODUCTION

Obesity has become a worldwide pandemic.1 It is associated with chronic low-grade inflammation, which is

a contributing factor for long-term development of diabetes and cardiovascular complications. Many of the

pro-inflammatory factors that lead to those outcomes in obese individuals are secreted by white adipose

tissue, a designated storage organ for lipids. Different cell types in adipose tissue are involved in gener-

ating and amplifying these factors, including the associated adipose tissue macrophages (ATM).2–4 How-

ever, it is currently unclear at which point the storage cells, specifically the adipocytes themselves, reach

their limit and send out these initial stress signals. Part of the problem is the common use of high fat

diet (HFD) in diet-induced obesity studies. Although this diet can capture the human obese phenotypes

in animals, it is difficult to decipher whether the diet is affecting each individual cell type directly or indi-

rectly via expanded adipocytes. The effect of HFD on intestinal integrity and microbiota also complicates

the situation by introducing possible bacterial antigens.5,6 Furthermore, this diet does not allow clear sep-

aration of carbohydrate and lipid effects in mechanistic details. It is not even known if excess carbohydrates

have the same or different effects on adipocytes as excess lipids, given that both provide extra calories and

both are ultimately stored as lipids by adipocytes. Given the recent reports on the health benefits of short-

term ketogenic diets,7,8 there is a clear need to increase our understanding of the specific effects of excess

carbohydrates on adipose tissue.

Carbohydrates constitute the major food group in the government dietary guidelines for Americans with

glucose being arguably the most tightly regulated energy source in our blood. Excess carbohydrates

are converted into lipids for storage in the adipose tissue, leading to adipose tissue expansion. To study

the specific effect of glucose alone on adipose tissue health, we used the adipose-specific TXNIP knockout

model TxnipDAdipoq (AKO).9–13 TXNIP is an a-arrestin protein that acts as an adaptor to GLUT4 to facilitate

its endocytosis via the clathrin-coated pathway. When GLUT4 is needed on the cell surface, TXNIP is phos-

phorylated by AKT on insulin stimulation to dissociate it from GLUT4 and stop the endocytic process.14

Specifically, knocking out TXNIP using adiponectin-cre should then result in increased glucose uptake in

adipocytes only and not affect glucose uptake within other cell types associated with adipose tissue.15,16

This allows us to create enlarged adipocytes in the AKO mice using only normal chow, thus avoiding the

potential calorie overload of other cell types in the adipose tissue that can occur using HFD. In addition,

we can use a ketogenic diet as a metabolic rescue to focus on changes specific to glucose, because this
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diet reduces the overall glucose usage, including by adipocytes, minimizing the differences between the

wild type (WT) and AKO mice. Herein, we report the results of these studies, including the unexpected

finding that ATM count and ATMpro-inflammatory activation are separately regulated events, with glucose

and lipids modulating different aspects of full ATM activation.

RESULTS

AKO mice are modestly obese

At age 3 months, AKO male mice on C57B6/J background had higher fat mass than WT male mice (litter-

mate matched control mice), whereas their body weight and lean mass were comparable (Figure 1A). This

modest increase in adiposity still held at age 6 months. Increased fatty acids synthesis in AKO was

confirmed through increased expression of FASN, ACC1/2, and ACLY as shown by western blot (Figure 1B).

ACC1 is the cytoplasmic isoform of ACC that is involved in lipid synthesis whereas ACC2 is the isoform in

mitochondria which regulates fatty acids oxidation. qPCR quantification confirmed increased expression of

Acaca (ACC1) in AKO (Figure 1C). Consistent with increased lipid synthesis, average adipocyte sizes were

larger in AKO relative to WT (Figures 1D and 1E). However, increased crown-like structures related to

adipocyte apoptosis were not observed, suggesting that AKO adipose tissue was in an early stage of

expansion.

Further metabolic phenotyping presented no difference in fasting blood glucose levels between WT and

AKO animals at these ages (Figure 1F). Fasting plasma triacylglycerides (TAG) was higher in AKObeginning

at 3 months (Figure 1G), whereas higher FFA levels reached significance at age 6 months (Figure 1H). We

did not detect any difference in cholesterol levels at age 6 months between WT and AKO mice (Figure 1I).

Previously, we had performed oral glucose tolerance tests (OGTT) on 3-month-old AKO. mice and showed

that these mice exhibited a slightly faster decrease in glucose levels than the WT mice.16 This difference in

glucose response still held true for 6-month-old males (Figure 1J). For these mice, increased TAG was also

found in the liver of AKO mice, but liver FFA stayed the same (Figures 1K and 1L). These data suggest that,

in AKO mice, excess glucose leads to increased lipid synthesis in adipocytes compared to WT. Enlarged

adipocytes output more FFAs into the circulation while simultaneously decreasing uptake of TAG from

the liver to reduce its TAG storage. Together, these changes result in higher levels of plasma TAG and

more TAG stored in the liver.

Along with increased adiposity, we wanted to examine whether the major adipokines had changed in AKO

mice. We found no measurable differences in adiponectin, leptin, or resistin plasma levels between theWT

and AKO (Figures 1M–1O) nor was there any significant difference in levels of C-reactive protein, a global

inflammation marker (Figure 1P). In addition, we found no notable difference in plasma TNFa levels as

determined by ELISA (Figure 1Q), or in TnfmRNA levels in adipose tissue as quantified by qPCR (Figure 1R).

In addition, we characterized the female mice with the same C57B6/J background at ages 3 months,

6 months, and 12months. The female mice also exhibited increased adiposity (Figure S1A) and lower blood

glucose in OGTT (Figure S1B). We saw no difference in fasting blood glucose until age 12 months where

AKO females had lower blood glucose because of higher basal adipose tissue glucose uptake. Other meta-

bolic phenotypes of these female mice were similar to those seen in the male AKO mice including higher

fasting FFA and TAG levels, but similar cholesterol levels at age 6 months (Figures S1C and S1D).

Overall, AKO mice possessed modestly expanded adipose tissue because of the conversion of excess

glucose into fat for storage in adipose tissue, but they did not show signs of glucose intolerance or global

inflammation. These traits make AKO animals a good tool to investigate adipose tissue adaptation during

early expansion, without the added complications that accompany an HFD.

AKO mice have increased macrophage numbers in eWAT

We next analyzed the macrophages in epididymal adipose tissue (eWAT) of the WT and AKO mice. Mac-

rophagesmake up themajor immune cell type in eWAT and serve to amplify inflammatory signals. In obese

mice, macrophage numbers in eWAT increase.2 We identified the eWAT macrophages as CD45+, F4/80+,

CD11b+, and CD64+ cells from the stromal vascular fraction (SVF) (Figure 2A).2 We refer to these cells as

adipose tissue macrophages (ATM). We also checked for expression of M1-like markers on ATMs, CD9

and CD11c, as well as M2-like marker CD206. For a positive control, we tested wild type C57B6/J male

mice fed HFD for 5 weeks and 12 weeks. As expected, after 5 weeks of HFD feeding, mice already had
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Figure 1. AKO mice are modestly obese without global inflammation on normal diet

(A) Body weight, fat mass and lean mass of WT and AKO male littermates at 3 months and 6 months, as measured by

EchoMRI.

(B) Western blots of eWAT at 6 months.

(C) qPCR quantification of eWAT acaca mRNA at 6 months (n = 7).

(D) Representative hematoxylin and eosin (H&E) staining of eWAT at 6 months.

(E) Quantification of adipocyte size from H&E (n = 7).

(F–H) Fasting blood glucose, (G) fasting TAG, and (H) fasting FFA of 3-month and 6-month-old WT and AKO male

littermates.

(I) Fasting blood cholesterol of 6-month-old WT and AKO male littermates.

(J) OGTT of 6-month-old WT and AKO male littermates.

(K and L) Liver TAG content and (L) FFA content of 6-month-old WT and AKO male littermates.

(M and O) Plasma adiponectin, (N) leptin, (O) resistin content of 6-month-old WT and AKO male littermates.

(P and Q) CRP, and (Q) TNFa of 6-month-old WT and AKO male littermates (n = 10).
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higher body weight, tissue fat content, blood glucose, and FFA levels, but they did not have higher TAG

levels (Figure S2A). Hematoxylin and eosin (H&E) staining of eWAT from HFD fed mice showed increased

numbers of crown-like structures from mice on HFD compared to mice on a normal diet (Figure S2B), indi-

cating that the eWAT from these mice were inflamed. The FACS results showed an increase in the percent-

age and number of ATM in the eWAT of these mice, as well as increases in CD9+ and CD11c+ and a

decrease in CD206+ ATM populations (Figures S2C and S2D), confirming the inflammatory phenotype of

ATMs in these mice. These results showed that the FACS panel worked as intended.

We applied the same panel of markers to 3-month and 6-month-old males as well as to 6-month and

12-month-old females. Because females were smaller than the same-age males, we checked the females

at later ages to ensure that there were enough SVF to perform FACS with confidence. In all cases, there

was no difference in the number of CD45+ immune cells between the WT and AKO mice (Figures 2B,

2C, S2E, and S2F, left most 2 panels). In males, we saw a trend of increased ATMs in eWAT at age 3 months

(Figure 2B), which was significant at 6 months (Figure 2C). We found an increase in the percentage of CD9+

ATMs, however, no difference in CD11c+ M1-like or CD206+ M2-like ATMs. In female eWAT (paraovarian),

we saw a significant increase in ATMs only at age 12 months (Figures S3A and S3B). Comparing the males

and females, females developed more ATMs at an older age than males, consistent with the literature.17

Subcutaneous WAT (sWAT) showed no difference in ATMs accumulation or expression markers for either

sex (Figure S4), which is also consistent with the literature. Therefore, from FACS data, increased adiposity

in AKO is accompanied by increased ATMs in eWAT.

CD9+ ATMs have been reported to be lipid-laden and proinflammatory.18 CD9 is a member of the tetra-

spanin superfamily and is widely expressed. It is known to interact with other membrane proteins such

as integrins, clustering them into tetraspanin-enrichedmicrodomains to regulate cell-cell adhesion, migra-

tion and signal transduction.19–25 We did not directly measure lipid content in CD9+ ATMs. However, by

comparing CD9 gating of 6-month-old WT and AKO males (Figure S5A) to those of control and 5 weeks

HFD mice (Figure S5B), it was clear that increase in CD9 surface presentation in AKO ATMs was a lot

less than the ATMs from HFD mice. Therefore, the increase in CD9+ in ATMs in AKO indicates changes

in ATMs responding to bigger adipocytes, but not necessarily full activation. In addition, other markers

of inflammation, including CD11c+ ATM and plasma levels of inflammatory cytokines MCP-1 and IL6 did

not show any difference between WT and AKO (Figures 2D and 2E). From these results, it appears that

increased CD9+ ATMs can happen early in modest increase in adiposity, without a concomitant increase

in other inflammatory markers.

Because only a limited number of markers could be detected by FACS, we decided to look at gene expres-

sion of ATMs bymRNAseq. FACS results showed that CD64+ cells were all CD11b+ and F4/80+ (Figure S5C);

therefore, we isolated ATMs using anti-CD64 antibody-conjugated magnetic beads from the SVF of 6 pairs

of WT and AKO mice. We avoided using FACS for a cleaner population to minimize a further decrease in

transcriptional signal and RNA integrity after collagenase digest. Compared to the total eWAT mRNA-seq

results fromWT and AKO (which will be discussed later), ATMmRNA segregate into different clusters (Fig-

ure S6) and which are enriched in macrophage gene expression such as IL1b, Ccl2(MCP-1), Tnf, IL6, and

Cxcl2, and depleted in adipocyte gene expression such as Adipoq, Lep, and Fasn (Figure 2F) indicating

enrichment of ATM population. We did not detect increases in the CD9 mRNA level, implying that the dif-

ferential surface expression of CD9 could be a protein localization adaptation at this point. As shown in a

volcano plot, we did not seemany significant gene expression differences between the two genotypes (Fig-

ure 2G, Table S1). Together, these results demonstrate that early adipose tissue expansion is associated

with increase in ATM number, but not by significant ATM inflammatory characteristics.

Ketogenic diet rescues the increase in macrophage number but causes macrophage

activation

In addition to regulating glucose uptake, TXNIP protein has other functions yet to be clearly defined. To

separate out the glucose-dependent effects from other TXNIP-dependent effects, we put 6-month-old

male WT and AKO mice on a ketogenic diet. This diet drives lipid oxidation for energy usage and reduces

Figure 1. Continued

(R) eWAT tnf mRNA of 6-month-old WT and AKO male littermates (n = 7). (Data presented as mean G SD. p values

calculated with unpaired two-tailed Student’s t test. *** means p < 0.001, ** means 0.001 < p < 0.01, and * means

0.01 < p < 0.05.) (Also see Figure S1).
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Figure 2. AKO mice have increased number of macrophages on normal diet

(A) Gating scheme for F4/80+, CD11b+ and CD64+ macrophages.

(B and C) ATM FACS results from eWAT of 3-month-old and (C) 6-month-old WT and AKO male littermates.

(D and E) MCP-1 and (E) IL-6 of 6 months WT and AKO male littermates.
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glucose consumption in most cells in the body, effectively reducing the glucose uptake difference between

WT and AKO adipocytes. Therefore, this diet should minimize the glucose-dependent effects of TXNIP

deletion. To prevent complications from excess calorie intake, the mice were given equivalent calorie

amounts of the ketogenic diet as their normal chow daily. After three weeks, not only was the fat content

of AKO mice the same as that of the control mice, but plasma FFA and TAG levels were also equalized

(Figures 3A–3F). Adipocyte size in AKO mice was also similar to that of WT mice after 3 weeks on the keto-

genic diet, as seen by H&E staining (Figures 3G and 3H). Lipogenesis decreased in mice on the ketogenic

diet as shown by decreasedmRNA levels ofAcaca (Figure 3I). At the same time, mRNA of Ffar2, a G-protein

coupled receptor for the short chain fatty acids, increased (Figure S7A), indicating increased lipid usage.

Fed insulin levels were the same between WT and AKO, but both were lower compared to animals on con-

trol chow, as expected (Figure 3J). Thus, the ketogenic diet reduces the metabolic difference observed

before between WT and AKO animals.

The ketogenic diet also partially reduced the increase in ATM in AKO. On the ketogenic diet, there was no

longer a significant difference in ATM between the WT and AKO eWAT (Figure 3K), indicating that the

increased ATMs seen in AKO mice on normal chow is specifically because of increased glucose uptake

into the adipocytes. In fact, the ketogenic diet reduced the total number of immune cells (CD45+, 99 K

vs. 72 K average per gram of tissue of both genotypes) as well as ATM numbers (14K vs. 5.7K average) in

eWAT. However, not only did we continue to see increased CD9+ ATMs, we also found an increase in

CD11c+ ATMs and a trend of decreased CD206+ ATMs. These results suggest that after a short period

of a ketogenic diet, AKO ATMs exhibit a more proinflammatory phenotype than WT ATMs.

AKO ATMs’ proinflammatory properties were further corroborated by higher levels of MCP-1 in the plasma

of AKOmice on the ketogenic diet, even though the diet itself tended to lower MCP-1 levels in WT animals

compared to the normal chow (Figure 3L). In addition, TNFa levels were lowered by the ketogenic diet in

WT but not significantly in AKO animals (Figure 3M). At the same time, IL6, IL1a, IL1b, IL4, IL10, IFNg,

G-CSF, and M-CSF levels remained largely unchanged (Figures S7B–S7I). This suggests that MCP-1 and

TNFa are early markers in response to metabolic changes.

Because the metabolic disturbance originated from adipocytes, we therefore measured the plasma con-

centration of several adipokines. The ketogenic diet tended to increase adiponectin, leptin, and resistin

levels compared to the normal diet (Figures 3N–3P). However, only adiponectin showed a significant dif-

ference between WT and AKO. AKO did not upregulate adiponectin, in response to the ketogenic diet,

to the same extent as WT animals. Adiponectin is well known for its anti-inflammatory properties, and

obese people are known to have lower plasma adiponectin levels.26–28 This trend appears to be captured

in AKO mice. Because adiponectin is mainly produced by adipocytes and since macrophage changes are

because of signals from adipocytes, the lower level of adiponectin is likely an important reason for the ATM

pro-inflammatory phenotype in AKO on the ketogenic diet.

We isolated CD64+ cells fromWT and AKOmice on the ketogenic diet and carried out mRNA-seq analysis

as before. Heatmap analysis showed enrichment of macrophage genes as seen previously (Figure S7J). We

identified 7 genes with significant differential expression betweenWT and AKO (FDR <0.05) (Figure 3Q), all

of which have less expression in AKO. Five of these genes have been reported to suppress inflammation.

EGLN1, commonly known as PHD2, is a proline hydroxylase that catalyze the hydroxylation of HIFs (hypox-

ia-inducible factor), initiating HIF degradation. The myeloid-specific deletion of EGLN1 leads to the exag-

gerated inflammatory response of neutrophils to Streptococcus pneumonia.29,30 LILRB4, leukocyte immu-

noglobulin-like receptor B4, is an inhibitory receptor on macrophages that prevents excessive

inflammation.31 LGALS3 (galectin-3) is a galactose-specific lectin that regulates macrophage adhesion

andmigration. Loss of LGALS3 results in increased expression of proinflammatory genes.32 GPNMB, glyco-

protein non-metastatic melanoma protein b, is highly expressed in macrophages and contributes to reso-

lution of inflammation as it promotes M2 polarization.33,34 ATP6V0D2 is a subunit of integral membrane V0

complex of vacuolar ATPase which acidifies lysosomes. In macrophages, ATP6V0D2 has been reported to

restrict inflammasome activation and promote resolution of inflammation by regulating pro-resolving

Figure 2. Continued

(F) Heatmap of expression levels of adipocytes and macrophage marker genes of 6-month-old males.

(G) Volcano plot of differential gene expression between WT and AKO ATMs. (Data presented as mean G SD. p values calculated with unpaired two-tailed

Student’s t test. *** means p < 0.001, ** means 0.001 < p < 0.01, and * means 0.01 < p < 0.05.) (Also see Figures S2, S5, and S6, Tables S1, S3, and S4).
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Figure 3. AKO eWAT macrophages become activated after ketogenic diet

(A–F) Body weight, (B) fat mass, (C) lean mass, (D) blood glucose, (E) FFA, and (F) TAG of 6-month-old WT and AKO males following 3 weeks on a ketogenic diet.

(G) H&E staining of eWAT from WT and AKO mice after ketogenic diet.

(H) Adipocyte size quantification of WT and AKO mice before and after ketogenic diet.
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mediators.35,36 Of the last two genes, not much is known about IER5L (immediate-early response gene 5

like). However, ADAM8 is a metalloproteinase that promotes cell migration,37,38 which may play a role in

why there were less macrophages in the eWAT of mice on the ketogenic diet. The suppression of anti-

inflammation genes indicates that before and during the upregulation of proinflammatory response in

AKO eWAT, the anti-inflammatory mechanisms have to be turned off. Even though we did not detect

any increased mRNA of genes driving inflammation, the reduced expression of anti-inflammatory genes

is strong evidence that these AKO ATMs are more proinflammatory than those of WT.

In summary, the ketogenic diet reduced the number of ATMs in AKO eWAT to similar level as WT, indi-

cating that the increased ATMs in eWAT in AKO on the normal diet is a specific effect related to excess-

glucose uptake in adipocytes. Surprisingly, the ketogenic diet led to more proinflammatory characteristics

in AKO ATMs, as shown by decreased inflammation suppressor gene expression, increased cell surface

CD11c, and higher plasma MCP-1 levels. This shift in ATM characteristics is not because of FFA levels,

which were similar between WT and AKO on the ketogenic diet. Rather, it correlates with the lower adipo-

nectin levels in AKO.

Increased glucose uptake causes multiple changes in eWAT gene expression

Because we were interested in changes in adipocytes, themselves, we carried out whole tissue mRNA-seq

analysis on eWAT. Even though adipose tissue contains multiple cell types, we wanted to avoid the stressful

tissue digest which is needed for isolation of a pure adipocyte population. Principal component analysis

showed nice separation of groups by diet (Figure S8A). The separation between WT and AKO genotypes

was more obvious on control chow than on the ketogenic diet, consistent with metabolic observations so

far. We found 2265 significantly (FDR <0.05) differentially expressed (DE) genes on normal diet (Figure 4A)

and 884 DE genes on ketogenic diet (Figure 4B). The top changes are listed in Table S2. Arg1 showed the

largest fold increase in mRNA in AKO on the ketogenic diet (more discussion below). To focus on the DE

genes response to glucose uptake, we performed clustering analysis according to gene expression profiles

(Figure 4C, Table S3) followed by biological process (GO-BP) pathway analysis of each cluster (Figure 4D,

Table S4). The mean gene expression of each cluster was plotted in Figure S8B.

Cluster 1 consisted of genes with decreased expression on the ketogenic diet inWT, but not in AKOmice.Many

genes in this cluster are involved in immune cell function, including Arg1. Because Arg1 is not expressed in ad-

ipocytes (BioGPS, and the Human Protein Atlas), and we did not find it differentially expressed in ATMs, it re-

mains unclear what cell type(s) was responsible for this change. ARG1 is usually considered a marker for M2-like

macrophages and it is thought that ARG1 competes with NOS for substrate arginine, thereby decreasing NO

production by NOS and reducing inflammation. However, ARG1 has also been shown to be dynamically regu-

lated by HFD, increasing in eWAT after 4-day HFD feeding but disappearing after 2 weeks HFD.39 Like HFD, the

ketogenic diet also has a complex impact on the immune system in a time-dependent manner.40 Further inves-

tigation is required to understand the role that ARG1 is playing in this system.

Cluster 2 contained genes with higher expression in AKO on the normal diet. Not surprisingly, these

included genes involved in glucose or sugar metabolism, such as Acaca (ACC1), because more glucose

was taken up in AKO adipocytes. Of interest, it also included Hsd11b1, the corticosteroid 11-b-dehydroge-

nase that generates ligands for glucocorticoid receptor (GR), suggesting an influence of glucose on GR

function.

Cluster 3 genes showed a large difference between the two diets in WT mice and is almost the opposite of

cluster 1. It includes genes involved in various types of RNA processing. This is understandable because

glucose availability directly affects ribose levels. With less glucose available, the cell must upregulate path-

ways to efficiently shuttle ribose/RNA to where they are needed the most.

Figure 3. Continued

(I) qPCR of acaca mRNA in eWAT of WT and AKO mice before and after ketogenic diet.

(J) Insulin of WT and AKO mice before and after ketogenic diet.

(K) eWAT macrophage FACS results of WT and AKO mice after ketogenic diet.

(L–P) Plasma MCP-1, (M) TNFa, (N) adiponectin, (O) leptin, and (P) resistin of WT and AKO mice before and after ketogenic diet.

(Q) Heatmap of differentially expressed genes between WT and AKO macrophages after ketogenic diet (FDR <0.05). (Data presented as mean G SD.

Unpaired two-tailed Student’s t test for calculating p-values for pairwise comparisons and ordinary one-way ANOVAmultiple comparisons test for more than

2 groups. *** means p < 0.001, ** means 0.001 < p < 0.01, and * means 0.01 < p < 0.05.) (Also see Figure S7).
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Figure 4. WT and AKO eWAT mRNAseq comparison between normal diet and ketogenic diet

(A) Volcano plot of differentially expressed genes between 6-month-old WT and AKO males on the normal diet.

(B) Volcano plot of differentially expressed genes between 6-month-old WT and AKO males after 3 weeks of ketogenic diet.

(C) Heatmap of clustering analysis between the normal diet and the ketogenic diet.

(D) Pathway analysis of the gene clusters in (C).

(E) Heatmap of genes involved in extracellular matrix (ECM) remodeling in cluster 4. (Also see Figure S8, Tables S2, S3,

and S4).
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Clusters 4 and 5 were our main interest. They represented glucose-regulated genes, with lower expression

in AKO than WT on the normal diet, but with similar expression between the two genotypes on the keto-

genic diet. In particular, the extracellular matrix (ECM) organization pathways in cluster 4 drew our atten-

tion. Themain protein components of adipose ECM are collagens, fibronectin, and laminin.41–43 These pro-

teins are modified post-translationally and crosslink to provide binding sites for integrins and mechanical

support for cells. ECM is remodeled constantly by metalloproteases and this remodeling is important for

adipose tissue adaptation to metabolic status. Initial expansion of adipocytes requires increased ECM flex-

ibility to allow more space for adipocyte growth.44 Later stages of obesity are correlated with increased

collagen production and rigidification and fibrosis of the tissue. Examining the genes in pathways involved

in ECM remodeling (Figure 4E), we found that expression of collagen genes was repressed (including the

major collagen type I and IV), a result that we confirmed at the protein level by quantification of hydroxy-

proline content (Figure S8C). Other genes with decreased expression included genes involved in collagen

biosynthesis (Serpinh1, Vim, Loxl1) and direct ECM genes: tenascin (Tns2, Tnxb), fibulin (Fbln2), heparan

sulfate proteoglycan core protein (Hspg2), hyaluronidase (Hyal2), and proteases (Adamts2, Papln). Another

gene found in cluster 4 was Tgfb1, which encodes TGFb, a potent fibrogenic cytokine45 that induces ECM

production in 3T3L1 cells.46 Along with Tgfb1, we also found genes in cluster 4 that modulate the TGFb

signaling pathway: transcription regulator Bcl9l,47 extracellular glycoprotein lrg1,48,49 and the latent

TGFb binding protein ltbp3/4.50 Thus, AKO adipocytes show decreased ECM production, as well as

down regulation of ECM-related regulatory pathways.

Even though lower collagen ECM in AKO eWAT was consistent with its metabolic state of early expanding

adipose tissue, overall gene expression changes showed a dynamic and complex adaptation of adipose

tissue to increased glucose influx. In clusters 4 and 5, we noticed a reduction in expression of mitochondrial

electron transport chain genes as well as mitochondrial ribosomal genes in AKOmice (Figure S8D). In addi-

tion, many transcription factors that are important for metabolic regulation, such as Esrra, Ppard, Srebf1/2,

Klf15, and Rxra/b were also included in these two clusters (Figure S8E). ERRa (Esrra) is known to regulate

many aspects of mitochondrial activity51; its decrease implies diminished metabolic reliance on mitochon-

dria by adipocytes. Therefore, not all changes in gene expression because of excess glucose reflected posi-

tively on adipocyte health. Altogether, mRNA-seq data showed multifaceted adipocyte adaptations,

including ECM reduction in support of increased numbers of ATMs.

DISCUSSION

Many studies have previously demonstrated the significant contribution of ATMs to subclinical inflamma-

tion in obesity. Still, the precise signals and mechanisms that lead to the initial ATMmigration and/or local

activation remain unclear. Identifying these signals and mechanism should help with early diagnosis and

prevention of obesity-induced inflammation. Here, we knocked out TXNIP in adipocytes to induce excess

glucose uptake by these cells, generating a mouse model exhibiting increased adiposity, but no global

inflammation or reduced insulin response. We utilized this model (1) to investigate what happens at the

early stages of adipose tissue expansion and (2) to differentiate effects because of glucose from those

because of lipids. Throughout these experiments, our goal was to identify factors from adipocytes, them-

selves, whereas monitoring ATM behavior as a readout.

We learned that increased ATM numbers within eWAT is the most sensitive measure for early adipose tis-

sue expansion and that this is associated with multifaceted adipocyte adjustments, including increased

lipolysis and remodeling of ECM. Increased lipolysis and higher levels of TAG in plasma and liver in

AKO mice indicate that adipocytes were turning on mechanisms to decrease their TAG storage because

they could not effectively turn off basal glucose uptake. Clearly, even though adipocytes are designated

as storage tissues, there is an optimal amount of TAG an adipocyte prefers to hold. FFA is a candidate mo-

lecular signal for macrophages because of its increase in AKO and its rescue by the ketogenic diet. FFA has

been reported to recruit macrophages even during weight loss.52 Although TAG was also higher in AKO, it

is not likely the trigger for ATMs because mice with increased ATM numbers on HFD for 5 weeks did not

exhibit higher TAG levels than their control counterparts. Changes in plasma FFA and TAG levels were

accompanied by numerous transcriptional changes in eWAT, where ECM remodeling stood out as a po-

tential contributing factor for ATM number increase. In addition to the protein components mentioned

before, glucose availability can affect glycosylation pattern on proteoglycans and synthesis of hyaluronan,

both of which are important components of ECM that influence cell-cell interaction, including for adipo-

cytes and immune cells.53,54 The cellular changes facilitating adipocyte expansion co-exist with signs of
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adipocytes stress, indicating that the adipose tissue is continually adapting to its environment without a

specific boundary or obvious molecular markers that indicate the transition from healthy expansion to

non-healthy expansion. Particularly relevant to the human health is the fact that all these unfavorable ad-

ipose tissue changes happen before significant total body weight increase was detected, suggesting we

need better biomarkers other than BMI to improve early health assessment. Interesting future questions

are how do adipocytes determine their optimal size and what triggers excess basal lipolysis as adipocytes

enlarge?

We used a ketogenic diet to rescue the metabolic phenotypes and reduce the impact of excess glucose to

focus on glucose-specific responses. The ketogenic diet lowered the immune cell population in eWAT and

reduced the ATM number difference in WT and AKO. This is consistent with published benefits of a short-

term ketogenic diet,55,56 and our result show that TNFa is lower in WT mice on ketogenic diet than normal

diet. However, the remaining ATMs in AKO eWAT gained pro-inflammatory characteristics, marked with

higher surface CD11c, higher plasma MCP-1, and decreased expression of inflammation inhibitory genes.

Given that short-term ketogenic diet is not proinflammatory, the proinflammatory characteristics in AKO

ATMs on a ketogenic diet may be because of AKO adipocytes retaining characteristics from prior excess

glucose uptake. These may include the changes in transcription, ECM constituents and their sugar modi-

fication, and increase of shorter, more saturated acyl-chains in structural lipids as we reported before.16

Particularly interesting to note is the lag of adiponectin increase in AKO behind WT on the ketogenic

diet. Adiponectin’s known anti-inflammatory properties during diet-induced obesity is supported by its up-

regulation in WT on the ketogenic diet whereas prior exposure to excess glucose in AKO inhibited this up-

regulation. Given adiponectin is predominantly produced by adipocytes, thus regulated by changes in ad-

ipocytes, it is most likely a major player in AKO ATMs acquiring proinflammatory characteristics. TXNIP

AKOmodel also allowed us to see that ATM number is not always correlated with the degree of activation,

i.e., more ATMsmore activation or vice versa. Non-overlapping pathways regulate these two ATM outputs.

In our model, ATMs from 12-month-old AKO males looked similar to those of 6-month-old AKO males

without signs of inflammation (data not shown); therefore, excess glucose alone was insufficient to bring

about more proinflammatory changes. In other words, neither excess glucose (TXNIP AKO) nor excess

lipids (ketogenic diet) alone were considered as true metabolic excess that demands a full inflammatory

response. In addition, even though AKO ATMs gained some proinflammatory characteristics after a short

ketogenic diet, they were certainly not as proinflammatory as the ATMs in mice fed 5 weeks of HFD. This

study not only supports the fact that the proinflammatory responses ATMs are distinct from infection

induced inflammation,57 it highlights a very wide gradient of responses ATMs can have in response to

metabolic perturbation.

Overall, we learned that at the early stages of adipocyte expansion, glucose and lipids exert different in-

fluences on adipocytes, leading to different ATM responses. The most interesting mechanistic insight is

the importance of inhibitory brakes built-in by nature to prevent undesirable immune activation. Perhaps

it is equally important to consider reinforcing these brakes, not just quieting the inflammatory signals, when

treating unwanted immune activation.

Limitations of the study

In this study, TXNIP adipocytes-specific knockout animals were used to focus on the effect of excess

glucose during the early stages of adipocytes expansion. These results provided glimpses into complex

and non-uniform regulation by glucose and lipids. However, this model system cannot definitively separate

the differential effects partly because of the higher FFA and TAG levels in TXNIP AKOmice. Consequently,

themRNA analysis that focused on the differentially expressed genes betweenWT andAKOmice that were

rescued by the ketogenic diet missed false negatives regarding glucose-regulated genes.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-Cy7 anti-mouse Ly-6G, Clone 1A8 (FC, 1:2560) BioLegend Cat#127617

RRID:AB_1877262

PE-Cy7 anti-mouse CD3, Clone 17A (FC, 1:2560) BioLegend Cat#100219

RRID:AB_1732068

PE-Cy7 anti-mouse CD19, Clone 6D5 (FC, 1:1280) BioLegend Cat#115519

RRID:AB_313654

PE-Cy7 anti-mouse NK1.1/CD161, Clone PK136 (FC,

1:640)

BioLegend Cat#108713

RRID:AB_389363

PE-Cy7 anti-mouse B220/CD45R, Clone RA3-6B2 (FC,

1:2560)

BioLegend Cat#103221

RRID:AB_313004

BUV395 anti-mouse CD9, Clone KMC8 (FC, 1:20) BD Biosciences Cat#740244

RRID:AB_2739991

APC-R700 anti-mouse CD11b, Clone M1/70 (FC,

1:640)

BD Biosciences Cat#564985

RRID:AB_2739033

Brilliant Violet 421 anti-mouse CD11c, Clone N418

(FC, 1:80)

BioLegend Cat#117343

RRID:AB_2563099

Alexa Fluor 488 anti-mouse CD36, Clone HM36 (FC,

1:200)

BioLegend Cat#102608

RRID:AB_528792

Brilliant Violet 786 anti-mouse CD64, Clone X54-5/7.1

(FC, 1:320)

BD Biosciences Cat#741024

RRID:AB_2740644

PE anti-mouse CD80, Clone 16-10A1 (FC, 1:300) Invitrogen Cat#12-0801-82

RRID:AB_465752

APC anti-mouse CD206, Clone C068C2 (FC, 1:1280) BioLegend Cat#141707

RRID:AB_10896057

PE-Dazzle 594 anti-mouse F4/80, Clone BM8 (FC,

1:160)

BioLegend Cat#123145

RRID:AB_2564132

Brilliant Violet 570 anti-mouse Ly-6C, Clone HK1.4 (FC,

1:1280)

BioLegend Cat#128029

RRID:AB_10896061

BUV805 anti-mouse MHCII, Clone M5/114.15.2 (FC,

1:640)

BD Biosciences Cat#748844

RRID:AB_2873247

Brilliant Violet 650 anti-mouse XCR1, Clone ZET (FC,

1:3000)

BioLegend Cat#148220

RRID:AB_2566410

BUV496 anti-mouse CD45, Clone I3/2.3 (FC, 1:100) BD Biosciences Cat#752411

RRID:AB_2917425

Fc Block (mAb CD16/CD32) Invitrogen Cat#14-0161-86

RRID:AB_467135

Biotinylated anti-CD64 BioLegend 139318

RRID:AB_2566557

Chemicals, peptides, and recombinant proteins

Zombie Aqua Fixable Viability Dye BioLegend Cat#423101

Collagenase II Worthington Cat#LS004177

RPMI 1640, 1X, with L-glutamine Corning Cat#10-040-CV

FBS Gibco Cat#10437-028

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin-Streptomycin Gibco Cat#15140-122

HBSS Sigma Cat#H1387-10X1L

BD Horizon Brilliant Stain Buffer BD Biosciences Cat#566349

True-Stain Monocyte Blocker BioLegend Cat#426103

Ultra-Comp eBeads compensation beads Invitrogen Cat#01-2222-42

Ultra Rainbow Fluorescent Particles mid-range

intensity beads

Spherotech Cat#URFP-38-5A

BSA Sigma Cat#A4503

16% Formaldehyde Solution Thermo Scientific Cat#28906

10X PBS pH 7.4 without CaCl2 or MgCl2 Invitrogen Cat#70011044

Streptavidin magnetic beads ThermoFisher 11205D

TRIzolTM ThermoFisher 15596026

SuperScriptTM VILOTM Master Mix ThermoFisher Scientific 11755050

PureLinkTM RNA mini kit ThermoFisher 12183018A

Critical commercial assays

MILLIPLEX MAP Mouse Adipokine Magnetic Bead

Panel - Endocrine Multiplex Assay

Millipore Cat#MADKMAG-71K

Mouse Adiponectin Single Plex Magnetic Bead Kit Millipore Cat# MADPNMAG-70K-01

Mouse Cytokine Magnetic Bead Panel Millipore MCYTOMAG-70K

TNFa Quantikine HS ELISA kit R&D MHSTA50

Mouse CRP ELISA Millipore RAB1121

Total Collagen Assay kit Abcam Ab222942

PureLinkTM RNA mini kit ThermoFisher Scientific 12183018A

Infinity Triglyceride kit ThermoFisher Scientific TR22421

NEFA-HR2 kit FujiFilm Wako Pure Chemical

Corporation

999-34691, 991-34891, 995-34791,

993-35191, 276-76491

Total cholesterol reagents ThermoFisher Scientific TR13421

Qiagen RNeasy Micro kit Qiagen 74004

Deposited data

mRNAseq GEO GSE212875

Experimental models: Organisms/strains

Mouse: The Jackson Laboratory JAX:

Mouse: B6;129-Txniptm1Rlee/J The Jackson Laboratory JAX: 016847

Mouse: B6.FVB-Tg(Adipoq-cre)1Evdr/J The Jackson Laboratory JAX: 028020

Software and algorithms

xPONENT v.4.1 Luminex https://www.luminexcorp.com/xponent/#overview

Belysa curve-analysis software (version unknown) Millipore https://www.sigmaaldrich.com/US/en/services/

software-and-digital-platforms/belysa-immunoassay-

curve-fitting-software

SpectroFlo v2.1.0 Cytek Biosciences https://cytekbio.com/pages/spectro-floflow

FlowJo v10.6.2 BD Biosciences https://www.flowjo.com/

STAR v2.7.8a Dobin et al.58 https://github.com/alexdobin/STAR

edgeR v3.34.1 Chen et al.59; Robinson et al.60 https://bioconductor.org/packages/release/bioc/

html/edgeR.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact Ning Wu (ning@omnispacemail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d mRNAseq data generated during this study are available as GEO GSE212875.

d No new code was generated.

d No other new unique reagent was generated.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice were maintained in a barrier facility, in accord with the Institute’s regulations for animal care and

handling (IACUC 19-07-021). Strains TXNIP flox/flox (JAX 016847) and Adipoq-Cre (JAX 028020) were pur-

chased from the Jackson Laboratory. The adipose-specific KO mice were backcrossed to C57B6/J (JAX

000664) for over 10 generations. For experiments, sex-matched littermates were used. Mice were main-

tained on LabDiet 5010 (normal diet, calorie composition: 28.7% from protein, 12.7% from fat, and

58.2% from carbohydrate) unless otherwise stated. Ketogenic diet was purchased from Envigo

(TD.96355.PWD, calorie composition: 9.2% from protein, 90.5% from fat, and 0.3% from carbohydrate).

METHOD DETAILS

OGTT

Male littermate matched Txnip fl/fl and AdipoQ-Cre Tg/+, Txnip fl/fl mice were fasted from 7 a.m. to 1:30

p.m. A bolus of glucose at 2 g/kg was delivered via oral gavage. Blood was sampled via the tail vein at

various time points. Blood glucose was measured with Accu-Chek (Aviva).

Lean mass and fat mass were measured with an EchoMRI-4n1-500 system.

FFA, TAG, cholesterol

Tissue TAG was measure with Infinity Triglyceride kit from ThermoFisher Scientific. FFA was measured with

NEFA-HR2 kit from FujiFilm. Cholesterol was measured with total cholesterol reagents from ThermoFisher

Scientific.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DEseq2 v1.32.0 Love et al.61 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

ComplexHeatmap v2.8.0 Gu et al.62 https://bioconductor.org/packages/release/bioc/

html/ComplexHeatmap.html

biomaRt v2.48.3 Durinck et al.63 https://bioconductor.org/packages/release/bioc/

html/biomaRt.html

clusterProfiler v4.0.5 Yu et al.64 https://bioconductor.org/packages/release/bioc/

html/clusterProfiler.html

GraphPad Prism v9.1.1 GraphPad Software https://www.graphpad.com/
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Histology

Tissue was fixed with 4% formaldehyde in PBS for 48h and sent to VAI histology core for embedding. De-

paraffinization and antigen retrieval were performed on the Dako PT link platform using Dako High pH

retriever buffer for 20 minutes at 97�C. Staining was performed utilizing Dako Autostainer Link 48, and

Dako Rabbit Polymer HRP as secondary antibody for 20 minutes following primary antibody incubation

for 30 minutes. DAB detection was performed using Dako EnVision Flex Chromagen for 10 minutes and

Dako Flex Hematoxylin for 5 minutes. Aperio scanning of slides was performed utilizing Leica Aperio

AT2 system.

Western blots

Mice were sacrificed and eWAT was dissected out and frozen immediately in liquid nitrogen and stored at

�80�C. Frozen tissues were lysed in RIPA buffer (30 mM Tris7.5, 120 mMNaCl, 1 mM vanadate, 20 mMNaF,

1% NP40, 1% deoxycholate, 0.1% SDS), plus protease inhibitors and calyculin A. The clarified supernatant

was used for running Western blots.

TNFa and CRP assays

Plasma TNFa level was measured with mouse TNFaQuantikine HS ELISA from R&D (MHSTA50) according

to the manufacturer’s instructions. The CRP ELISA was the Mouse CRP ELISA from Millipore-Sigma

(#RAB1121).

Milliplex assay

Plasma samples were assayed using the Millipore Milliplex Mouse Adipokine Magnetic Beads Assay kit ac-

cording to the manufacturer’s instructions, with a 6-analyte custom panel investigating IL-6, insulin, leptin,

MCP-1, and resistin. Briefly, the analyte-bead mixture was added to adipokine standards, QC controls, and

plasma samples and then incubated overnight at 4�C in the dark while shaking at 800 rpm. The next day,

after 3 washes in proprietary wash buffer, detection bodies were added and incubated in the dark at room

temperature (RT) for 30 minutes of shaking, followed by the addition of Streptavidin-Phycoerythrin for

30 minutes shaking at RT. The samples were washed 3 times and resuspended in wash buffer for subse-

quent acquisition on a Luminex MAGPIX with xPONENT v. 4.1 software. Complimentary analysis by Milli-

pore using their Belysa curve-analysis software determined analyte quantification of the samples from the

Median Fluorescent Intensity (MFI) data using a 5-parameter logistic or spline curve-fitting method. Addi-

tional cytokines were analyzed similarly (IL1a, IL1b, M-CSF, G-CSF, GM-CSF, IFN-g, IL-10, and IL-4, all

custom picked from Millipore’s MCYTOMAG-70K kit).

Singleplex assay for adiponectin

Similarly to the Milliplex assay, plasma samples were analyzed for adiponectin using the Millipore Mouse

Adiponectin Single Plex Magnetic Bead Kit.

FACS

Stromal vascular fraction (SVF) cells were isolated frommouse epididymal and subcutaneous white adipose

tissue (eWAT and sWAT) and digested in buffer containing 0.8 mg/ml of collagenase II for 30 and 45 mi-

nutes, respectively, at 37�C in a shaker set to 200 rpm. After 10 minutes of 300 x g centrifugation at 4�C,
the pellets were washed with RPMI (supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin) through a 70 mm strainer. Red blood cells were lysed for 2 minutes at RT and the SVF cells

were washed through a 40 mm strainer. Cells were resuspended in HBSS for subsequent flow cytometry

staining.

SVF cells were stained in 100 ml Zombie Aqua (1:4000 dilution in HBSS) fixable viability dye for 30 min at 4�C
in the dark. Cells were then centrifuged at 300 x g for 10 min and resuspended in Fc Block (mAb CD16/

CD32, 1:400 dilution in stain/wash/sort buffer (PBS with 0.5% bovine serum albumin (BSA) and 1mM

EDTA)) and incubated at 4�C for 15 minutes, then stained in a cocktail of antibodies shown in the key re-

sources table along with BD Horizon Brilliant Stain Buffer and True-Stain Monocyte Blocker added to

the sample for a final volume of 100 ml, for 45 min at 4�C in the dark. After washing twice (centrifugation

at 300 x g for 10 minutes), the cells were fixed with 2% formaldehyde in PBS for 15 minutes at 4�C, washed
twice (centrifugation at 800 x g for 5 minutes), and resuspended in wash buffer for overnight storage at 4�C.
Unstained, single-stained (on compensation beads and/or cells), and a complete set of FMO controls
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underwent a similar preparation process alongside the staining of the test samples. Flow cytometry acqui-

sition was performed the following morning on a Cytek Biosciences Aurora with SpectroFlo software.

Batch-to-batch and instrumental settings consistency was controlled by running a sample of Ultra Rainbow

Fluorescent Particles before each experiment, in addition to daily QC. An autofluorescence tag with peak

emission in the 405 525/17 nm (Channel V7) from the unstained control was incorporated into the panel of

reference controls. The unmixed data were then analyzed with FlowJo software. Macrophages were gated

as follows: Cells (FSC-H, SSC-H) > Single Cells (SSC-A, SSC-H) > Live (Viability, SSC-H) > CD45+ (CD45,

FSC-H) > Macs (CD11b, F4/80) > CD64+ Macs (CD11b, CD64).

Isolation of CD64+ cells

SVF cells were isolated as above. After incubating with Fc block for 15 minutes at 4�C, 25 ml of streptavidin

magnetic beads (ThermoFisher 11205D) preloaded with 3 mg of biotin-CD64 (Biolegend 139318) was

added to the cells. The mixture was rotated at 4�C for 20 minutes. The CD64+ cells were isolated and

washed, then immediately processed for total RNA extraction with Qiagen RNeasy Micro kit (74004).

RNAseq

Total RNA from eWAT was extracted using a combination of TRIzolTM reagent (ThermoFisher 15596026)

and the PureLinkTM RNA mini kit (Invitrogen 12183018A). Approximately 80 mg of eWAT was lysed with

the TRIzolTM and the aqueous layer was ethanol precipitated and cleaned up with the PureLinkTM RNA

mini kit. The total RNA was submitted to the Van Andel Institute genomics core for libraries preparation

and sequencing. Libraries were prepared from 500 ng of total RNA using the KAPA Stranded mRNA-

Seq Kit (v4.17) (Kapa Biosystems, Wilmington, MA USA). RNA was sheared to 300–400 bp. Prior to PCR

amplification, cDNA fragments were ligated to IDT for Illumina TruSeq UD Indexed adapters (Illumina

Inc, San Diego CA, USA). Quality and quantity of the finished libraries were assessed using a combination

of Agilent DNA High Sensitivity chip (Agilent Technologies, Inc.), QuantiFluor� dsDNA System (Promega

Corp., Madison, WI, USA), and Kapa Illumina Library Quantification qPCR assays (Kapa Biosystems). Indi-

vidually indexed libraries were pooled and 50 bp, paired end sequencing was performed on an Illumina

NovaSeq6000 sequencer using an S1, 100 bp sequencing kit (Illumina Inc., San Diego, CA, USA) to an

average depth of 40M reads per sample. Base calling was done by Illumina RTA3 and output of NCS

was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v1.9.0

For RNAseq of CD64+ cells, RNA was extracted with Qiagen RNeasy Micro kit (74004). Libraries were pre-

pared by the Van Andel Institute genomics core from 1–5 ng of total RNA. Total RNA material was con-

verted to dsDNA using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing, v. 091817 (Takara

Bio USA, Mountain View, CA, USA). cDNA was sheared to 200–500 bp using a Covaris E220 Evolution ultra-

sonicator (Covaris Inc., Woburn, MA USA) and Illumina compatible sequencing libraries were generated

using the Kapa HyperPrep kit, v6.17 (Kapa Biosystems, Wilmington, MA USA). Prior to PCR amplification,

cDNA fragments were ligated to Bioo Scientific NEXTflex dual adapters (Bioo Scientific, Austin, TX,

USA). Quality and quantity of the finished libraries were assessed using a combination of Agilent DNA

High Sensitivity chip (Agilent Technologies, Inc.), QuantiFluor� dsDNA System (Promega Corp., Madison,

WI, USA), and Kapa Illumina Library Quantification qPCR assays (Kapa Biosystems). Individually indexed li-

braries were pooled and 50 bp, paired-end sequencing was performed on an Illumina NovaSeq6000

sequencer using an SP, 100 cycle sequencing kit (Illumina Inc., San Diego, CA, USA) and each library was

sequenced to an average raw depth of 30M reads. Base calling was done by Illumina RTA3 and output

of NCS was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v1.9.0.

qPCR

For qPCR, total RNA was reverse-transcribed into cDNA using SuperScript IV Vilo Mastermix (Invitrogen).

Primer sets used were acaca-forward 50- ATGGGCGGAATGGTCTCTTTC, acaca-reverse 50- TGGGGACC

TTGTCTTCATCAT; ffar2-forward 50- ATCCTCCTGCTTAATCTGACCC, ffar2-reverse 50- CGCACACGAT

CTTTGGTAGGT. For statistics, an unpaired Student’s t test was performed using GraphPad Prism version

8.00 for Windows, GraphPad Software, La Jolla, California, USA.

Bioinformatics (mRNA-seq data processing and analysis)

Reads were aligned to the mm10 genome (GENCODEM24) using STAR v2.7.8a.58 Gene counts from STAR

were imported into R v4.1.0 for downstream analysis. Pairwise contrasts of knockout versus wildtype were
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tested by modeling the samples from the B6 macrophages, eWAT under ketogenic diet, or eWAT under

normal diet separately using the quasi-likelihood F-test workflow in edgeR v3.34.1.59,60 Additive models

consisting of the genotype and litter variables (�0+Genotype+Litter) were fitted. Significant genes were

identified using an adjusted p-value cutoff of 0.05. Volcano plots were created using EnhancedVolcano

v1.10.0.

For identifying genes that had a different genotype effect between the ketogenic and normal diets, the

eWAT samples from the two diets were modeled together using DESeq2 v1.32.0.61 Because specific litters

were present in each diet, we followed the DESeq2 vignette for fitting a nested model. Briefly, the design

matrix was created based on the formula, ‘�Diet + Diet:Litter.n + Diet:Genotype’, but columns containing

only zeroes were removed. The interaction between genotype and diet was tested using the contrast of the

"DietKeto.GenotypeAKO" and "DietCon.GenotypeAKO" coefficients with an adjusted p-value cutoff of

0.05. Gene expression heatmaps were created using pheatmap v1.0.12 or ComplexHeatmap v2.8.062

based on variance-stabilized transformed counts computed using DESeq2. Ribosome-related genes

were identified based on gene symbols beginning with ‘Mrpl’ or ‘Mrps’. Electron transport chain genes

were identified from MitoCarta3.065 by searching for the pattern, "Complex\\s+66". Transcription factor

genes were identified using biomaRt v2.48.363 to filter for genes annotated with the ‘GO:0003700’

GO term.

Genes that had significant interaction effects were clustered using the Z-scores of the variance-stabilized

transformed counts and a k-means approach, using the kmeans function in the base R stats package with

the parameters, ‘centers = 5, nstart = 25’. The value for ‘k’ was selected using an elbow plot as implemented

in the fviz_nbclust function in factoextra v1.0.7. Pathway enrichment for each cluster was tested using hy-

pergeometric tests as implemented in clusterProfiler v4.0.564 with the union of the genes across all clusters

as the background. Entrez gene IDs and GO term annotations were obtained from the org.Mm.eg.db

v3.13.0 package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, graphs were created and statistical significance determined with GraphPad Prism

using unpaired two-tailed Student’s t test for calculating p-values for pairwise comparisons and ordinary

one-way ANOVA multiple comparisons test for more than 2 groups. *** means p < 0.001, ** means

0.001 < p < 0.01, and * means 0.01 < p < 0.05.
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